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Because drug transporters such as P-glycoprotein, the

product of the multidrug resistance (MDR1) gene,

contribute to the function of the blood–brain barrier, we

hypothesized that differences in their expression could

affect the uptake of neurotoxic xenobiotics, thereby

modulating interindividual susceptibility for neurological

disorders such as Parkinson’s disease. In a pilot case–

control study comprising 95 Parkinson’s disease patients

(25 early-onset patients with onset age < 45 years) and

106 controls we analysed the three common MDR1

polymorphisms, 3435C>T in exon 26, 2677G>T,A in exon

21, and 2129T>C in exon 1b. There were no statistically

significant associations between any of these

polymorphisms and Parkinson’s disease. However, a

distribution pattern consistent with our hypothesis was

observed in that the frequency of the 3435T/T genotype,

which had previously been associated with decreased P-

glycoprotein expression and function, was highest in the

early-onset Parkinson’s disease group (36.0%), second-

highest in the late-onset Parkinson’s disease group

(22.9%), and lowest in the control group (18.9%).

Furthermore, we confirmed that the MDR1 exon 21 and

exon 26 polymorphisms are in significant linkage

disequilibrium since the [2677G, 3435C] and [2677T,

3435T] haplotypes were far more frequently observed than

expected. In conclusion, MDR1 and other drug transporters

represent plausible candidates as Parkinson’s disease risk

genes. Larger studies are required to confirm this role in

the etiology of Parkinson’s disease. Pharmacogenetics
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Introduction
Parkinson’s disease is one of the most common neuro-

degenerative disorders in Western countries with an

estimated incidence of 20 new cases per 100 000

individuals per year and a prevalence ranging from 70–

170 per 100 000 [1]. Parkinson’s disease develops most

commonly as a sporadic form, but rare familial forms

inherited as autosomal dominant or recessive traits are

also known and their investigation has lead to the

identification of several candidate genes that appear to

be related to the disease [2,3]. Less is known about the

etiology of sporadic Parkinson’s disease, but epidemio-

logical studies suggest that both genetic and environ-

mental factors play a role [4]. The identification of the

Parkinsonian neurotoxin 1-methyl-4-phenylpyridinium

(MPP(+)), as an illicit drug contaminant [5], has greatly

stimulated the search for environmental risk factors,

revealing, among others, exposure to pesticides, rural

living, or well water drinking as being associated with

Parkinson’s disease [6,7]. Strikingly, it was recently

shown that chronic exposure to the insecticide rote-

none, a powerful mitochondrial electron transport in-

hibitor commonly used on farms and in lakes,

reproduces both behavioural and neuropathological fea-

tures of Parkinson’s disease in rats [8].

If environmental chemicals can cause syndromes re-

sembling neurological disorders such as Parkinson’s

disease, host factors that contribute to variability in

their uptake, metabolic activation or inactivation and

distribution in the body can be expected to modulate

individual risk. Genetic polymorphisms of xenobiotic

metabolism enzymes involved in the biotransformation

of innumerable exogenous substances have therefore

been intensely investigated as possible risk factors of

Parkinson’s disease [9,10]. According to recent meta-

analyses, a number of enzyme polymorphisms showed

significant association with Parkinson’s disease, al-

though their pathophysiologic role remains to be deter-

mined [11–13].
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An important category of proteins that regulate the

chemical traffic of endogenous and exogenous sub-

stances across biological membranes and may thus

constitute possible risk factors for sporadic Parkinson’s

disease are the numerous ATP-binding cassette (ABC)-

transporter proteins [14,15]. P-glycoprotein (P-gp or

ABCB1), the product of the multi-drug resistance gene

(MDR1), functions as an ATP-dependent drug efflux

pump with a broad substrate specificity including a

large number of drugs and xenobiotics [16]. P-gp is not

only expressed in drug-resistant tumor cells, which lead

originally to its discovery, but is present in virtually all

cell types and tissues that have a role as protective

barriers against the environment, including epithelial

cells of the intestine, biliary ducts, renal proximal

tubules, placental trophoblasts, as well as the endothe-

lial cells of brain capillaries, where it forms a functional

component of the blood–brain barrier [17,18]. In fact,

expression of P-gp has been demonstrated to be a

critical factor in preventing entry of pesticides and

drugs into the central nervous system of mice [19,20],

Collie dogs [21] and humans [22]. Recently it became

clear that P-gp expression is at least in part influenced

by genetic polymorphisms in the human MDR1 gene

[23–29]. In particular, a common silent 3435C.T

polymorphism in exon 26 was associated with decreased

P-gp expression in various tissues. Although interindivi-

dual variability among genotypes appears to be substan-

tial, on average about a 2-fold difference in expression

levels between CC and TT genotypes was observed in

intestinal epithelial cells [24] and in kidney proximal

tubular cells [27], and slower efflux from leukocytes of

the P-gp substrate rhodamine [28] and possibly of

antiretroviral agents from cells susceptible to human

immunodeficiency virus-1 infection [29] was found.

In addtition, a 2677G.T,A polymorphism that leads to

amino acid changes in exon 21, as well as a �129T.C

polymorphism in the untranslated exon 1b were found

to be associated with lower P-gp expression in placental

trophoblasts [26]. However, there are a number of

controversial aspects as the 2677G.T (Ala893Ser)

variant was reported to be associated with decreased P-

gp expression in placental trophoblasts [26], whereas it

was found to be more active in an in-vitro digoxin

transport system [25]. It is also unclear how the silent

3435C.T base change could affect changes in expres-

sion and/or function. A direct effect on splicing or

translation is principally possible, another possibility

is linkage disequilibrium with one or more other

mutations. Previous studies reported partial linkage

disequilibrium for the 2677G.T and 3435C.T poly-

morphisms [25,26].

Based on the functional role of P-gp as a neuroprotec-

tive barrier, we hypothesized that the MDR1-poly-

morphism, via altered P-gp expression or function in

brain capillaries, would affect the intracellular concen-

trations of potentially neurotoxic substances. Alleles

associated with decreased expression or function would

therefore be expected to increase susceptibility for

Parkinson’s disease and/or lead to earlier onset of

disease symptoms. To test this hypothesis, we deter-

mined MDR1 genotypes and allele frequencies in

Parkinson’s disease patients and in a control group.

Materials and methods
Study population

A total of 100 idiopathic, unrelated white Italian

Parkinson’s disease patients were identified at the

Neurological Institute Mondino, Pavia, Italy between

1992 and 1995. The diagnosis of Parkinson’s disease

was established by neurologists skilled in movement

disorders, according to the United Kingdom Parkinson’s

Disease Society Brain Bank Criteria [30]. Parkinsonisms

resulting from other degenerative conditions or second-

ary parkinsonian syndromes related to drugs, metabolic

disorders, or exposure to toxins were not considered. As

onset of the disease we considered the time of the first

symptoms of Parkinson, retrospectively assessed by

both the patient and neurologists skilled in movement

disorders. The patients were divided in two groups

according to the age at onset of the disease. Early onset

Parkinson’s disease (EOPD) group included subjects

with age at onset < 45 years, while patients with a

disease onset . 45 years were defined as late onset

Parkinson’s disease (LOPD). Due to inability to con-

firm the diagnosis or lack of important data, five pa-

tients were excluded from the analysis.

Of the 95 Parkinson’s disease patients finally included,

25 patients had EOPD (19 males, 6 females; age range,

31–65 years; mean age, 50.0 � 7.3 years; mean age at

onset 41.3 � 6.9 years), and 70 patients had LOPD (41

males, 29 females; age range, 51–84 years; mean age,

65.1 � 7.4 years; mean age at onset, 57.1 � 7.4 years).

The control group consisted of 106 unrelated indivi-

duals, randomly recruited from hospital clinics of the

same geographic area as the patients with Parkinson’s

disease (56 males, 50 females; mean age, 52.4 � 14.7

years). Parkinson’s disease or other progressive neuro-

logical disorders were ruled out in the controls and it

was assured that they were not related to the Parkin-

son’s disease patients. A questionnaire including infor-

mation on residence, occupational exposure, smoking

habits and drug consumption was administered to all

study participants. None of the controls was taking

drugs.

The study was approved by the University of Pavia

ethics committee and all participants provided written

informed consent.
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Genotyping

Genomic DNA was prepared from leukocytes isolated

from whole blood samples. Analyses of the 3435C.T

polymorphism in exon 26 and the 2677G.T,A poly-

morphism in exon 21 were carried out using denaturing

high performance liquid chromatography (DHPLC)

assays as reported by Hitzl et al. [28]. Briefly, the

respective exon 26 and exon 21 MDR1 gene fragments

were amplified by PCR using primers described before

[24]. The PCR products were denatured at 95 8C for

5 min, cooled down to 65 8C at �1 8C/min, and then

applied to a preheated reversed phase column (DNA

Sep1 Cartridge, Transgenomic). Elution was achieved

with a linear acetonitril gradient (flow rate 0.9 ml/min)

consisting of buffer A (0.1 M trietylammonium acetate;

TEAA) and buffer B (0.1 M TEAA, 25% acetonitrile).

Values for the gradient ranges (buffer B component

indicated) and separation times are as follows: 52–61%,

6.8 min for exon 26 and 52–61%, 4.5 min for exon 21.

The oven temperature was 62 8C for exon 26 and 56 8C

for exon 21. Heteroduplex formation was detected from

the melting profile in comparison to wild-type and

mutant controls which were confirmed by sequencing.

All samples were reanalysed by adding equal amounts

of the wild-type PCR product before denaturation to

detect homozygous mutants.

Analysis of the �129T.C polymorphism in exon 1b

was carried out using PCR–restriction fragment length

polymorphism (RFLP). After amplification using newly

designed primers (59-AGTCATCTGTGGTGAGGC

TG-39 and 59-AACGGCCACCAAGACGTGA-39), the

215-bp PCR products were digested with MspAI. The

wild-type allele contains one MspAI site and digestion

produces 74- and 141-bp fragments. The mutation

(�129T.C) creates an additional MspAI site resulting

in three fragments of 32, 74 and 109 bp.

Statistical analysis

Associations between polymorphism data and Parkin-

son’s disease were analysed by the chi-square test or

Fisher’s exact test, where appropriate. The distribution

of the genotypes in the controls was tested for consis-

tency with Hardy–Weinberg equilibrium using a chi-

square statistic test. Adjusted odds ratios (ORs), 95%

confidence intervals (CIs), and tests for trend were

computed by use of multiple logistic regression models.

All the variables assessed by the questionnaire were not

associated with the polymorphisms or case status, and

thus were not included in the models. Statistical

significance was defined as P , 0.05.

Results
Table 1 shows the distribution of MDR1 genotypes at

the three polymorphic sites for all Parkinson’s disease

patients and after stratification into EOPD and LOPD

subgroups in comparison to the control group. All

genotype frequencies observed in controls and in pa-

tients were in agreement with Hardy–Weinberg distri-

bution based on the observed allele frequencies (data

not shown). The frequency of the 3435T/T genotype

was highest in the EOPD group (36.0%), second-high-

est in the LOPD group (22.9%), and lowest in the

control group (18.9%) (P ¼ 0.08, test for trend). The

frequency of the 3435C/C genotype showed the oppo-

site trend and was highest in controls (26.4%), second-

highest in the LOPD patients (21.4%), and lowest in

EOPD patients (20.0%). The frequency of the 3435T/

T genotype was thus nearly 2-fold higher in the EOPD

group as compared to the controls, leading to an odds

ratio of 2.4 (95% confidence intervals, 0.93–6.26;

P ¼ 0.10). A similar pattern was seen for the 3435T

allele frequency, and both the 3435T/T genotype as

well as the 3435T allele were also more frequent in all

Parkinson’s disease patients compared to controls, but

Table 1 Single locus MDR1 genotypes in Parkinson’s disease patients and in controls

All PD (N ¼ 95) EOPD (N ¼ 25) LOPD (N ¼ 70) Controls (N ¼ 106)

Position Genotype N (%) CI N (%) CI N (%) CI N (%) CI

3435 CC 20 (21.1) 0.13–0.31 5 (20.0) 0.07–0.41 15 (21.4) 0.13–0.33 28 (26.4) 0.18–0.36
(exon 26) CT 50 (52.6) 0.42–0.63 11 (44.0) 0.24–0.65 39 (55.7) 0.43–0.68 58 (54.7) 0.45–0.64

TT 25 (26.3) 0.18–0.36 9 (36.0) 0.18–0.58 16 (22.9) 0.14–0.35 20 (18.9) 0.12–0.28

2677 GG 28 (29.5) 0.21–0.40 4 (16.0) 0.05–0.36 24 (34.3) 0.23–0.47 37 (35.0) 0.26–0.45
(exon 21) GA 3 (3.2) 0.01–0.09 1 (4.0) 0.00–0.20 2 (2.8) 0.00–0.10 3 (2.8) 0.01–0.08

AA 0 (0.0) 0.00–0.04 0 (0.0) 0.00–0.14 0 (0.0) 0.00–0.05 0 (0.0) 0.00–0.03
GT 40 (42.1) 0.32–0.53 16 (64.0) 0.43–0.82 24 (34.3) 0.23–0.47 42 (39.6) 0.30–0.50
AT 3 (3.2) 0.01–0.09 0 (0.0) 0.00–0.14 3 (4.3) 0.01–0.12 3 (2.8) 0.01–0.08
TT 21 (22.1) 0.14–0.32 4 (16.0) 0.05–0.36 17 (24.3) 0.15–0.36 21 (19.8) 0.13–0.29

�129 TT 92 (96.8) 0.91–0.99 24 (96.0) 0.80–1.00 68 (97.1) 0.90–1.00 100 (94.3) 0.88–0.98
(exon 1b) TC 3 (3.2) 0.01–0.09 1 (4.0) 0.00–0.20 2 (2.8) 0.00–0.10 6 (5.7) 0.02–0.12

CC 0 (0.0) 0.00–0.04 0 (0.0) 0.00–0.14 0 (0.0) 0.00–0.05 0 (0.0) 0.00–0.03

Position numbers are for the published mRNA sequence of MDR1 (GenBank accession number M14758). Genotype frequencies are given in % with
95% confidence intervals (CI) for all patients with Parkinson’s disease (PD), patients with early-onset (EOPD), late-onset (LOPD), and for controls.

MDR1 and Parkinson’s disease Furuno et al. 531



these differences were not statistically significant

(Tables 1 and 2). The overall allele frequencies were in

good agreement with those of former studies (Table 3).

Similar patterns were observed for the frequency dis-

tributions of genotypes and alleles with respect to the

2677G.T,A and the �129T.C polymorphisms. The

2677G/G genotype was about 2-fold less frequent

among EOPD patients than among the controls (Table

1). The 2677G allele frequency was highest in controls,

second-highest in LOPD, and lowest in EOPD, and

the opposite pattern was seen for the 2677T allele

(Table 2). The similar frequency distribution patterns

observed for 2677 and 3435 alleles and genotypes

suggested linkage disequilibrium between the two

polymorphisms. Indeed, significant although incom-

plete linkage between these two sites was observed. Of

48 individuals with homozygous 3435C/C genotype, 40

(83.3%) were 2677G/G homozygotes (expected: 15,

P , 0.0001); of 45 homozygous 3435T/T subjects, 33

(73.3%) were 2677T/T (expected: 9, P , 0.0001); and

of 108 C/T heterozygotes for 3435, 72 were also 2677G/

T heterozygotes (Table 4). Thus, [2677G/3435C] and

[2677T/3435T] were the most common haplotypes

among this Italian Caucasian population, in agreement

with a recent analysis in European Americans, where

these two haplotypes have been termed alleles

MDR1�1 and MDR1�2, respectively [24].

Discussion
In agreement with our hypothesis, we found the inter-

esting tendency that the 3435T/T genotype is more

common among Parkinson’s disease (especially EOPD)

patients than among controls. The tendency of a higher

frequency of the low-expression allele among Parkin-

son’s disease patients was further supported by the

Table 3 Allele frequencies of MDR1 exon 21 and exon 26 polymorphisms according
to recent studies

3435 (exon 26) 2677 (exon 21)

Reference Population N C T G A T

This study Italian/controls 106 0.54 0.46 0.56 0.03 0.41
Italian/overall 201 0.51 0.49 0.54 0.03 0.43

[33] German 537 0.50 0.50 n.d. n.d. n.d.
[25] Eur. Am. 37 0.46 0.54 0.54 n.d. 0.45
[34] German 461 0.46 0.54 0.56 0.02 0.42
[26] Japanese 100 0.58 0.42 0.43 0.18 0.39

n.d. not determined

Table 2 Allele frequencies of MDR1 polymorphisms in Parkinson’s disease patients and in controls

all PD (N ¼ 95) EOPD (N ¼ 25) LOPD (N ¼ 70) Controls (N ¼ 106)

Position Allele % CI % CI % CI % CI

3435 C 47.4 0.40–0.55 42.0 0.28–0.57 49.3 0.41–0.58 53.8 0.47–0.61
(exon 26) T 52.6 0.45–0.60 58.0 0.41–0.70 50.7 0.42–0.59 46.2 0.39–0.53

2677 G 52.1 0.48–0.59 50.0 0.36–0.64 52.9 0.44–0.61 56.1 0.49–0.63
(exon 21) A 3.2 0.01–0.07 2.0 0.00–0.11 3.6 0.01–0.08 2.8 0.01–0.06

T 44.7 0.38–0.52 48.0 0.34–0.63 43.6 0.35–0.52 41.0 0.34–0.48

�129 T 98.4 0.95–1.00 98.0 0.81–1.00 98.6 0.95–1.00 97.2 0.94–0.99
(exon 1b) C 1.6 0.00–0.05 2.0 0.00–0.11 1.4 0.00–0.05 2.8 0.01–0.06

Polymorphic positions are based on the published mRNA sequence of MDR1 (GenBank accession number M14758). Allele frequencies are given in %
with 95% confidence intervals (CI) for all patients with Parkinson’s disease (PD), patients with early-onset (EOPD), late-onset (LOPD), and for controls.

Table 4 Observed and expected number of individuals with given two loci MDR1 genotypes
(overall population, N ¼ 201)

2677 (exon 21) genotype

GG GA AA GT AT TT total

3435 (exon 26) genotype CC 40 (15.2) 5 (1.7) 0 (0) 2 (24.0) 0 (1.3) 1 (9.5) 48
CT 21 (29.5) 1 (3.2) 0 (0) 72 (46.6) 6 (2.6) 8 (18.4) 108
TT 4 (14.4) 0 (1.6) 0 (0) 8 (22.7) 0 (1.3) 33 (8.9) 45

Expected numbers (in parentheses) were calculated on basis of the observed frequencies of the single locus
genotypes in all individuals.
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opposite trend for the 3435C/C genotype, whereas the

frequencies of 3435C/Ts were similar between Parkin-

son’s disease patients and controls (Table 1). Further-

more, the distribution of the 2677G.T,A polymorphism

also showed a similar tendency in that the frequency of

wild-type homozygotes was 2-fold higher in controls

than in EOPD, whereas the 2677G/T genotype was

significantly more frequent among EOPD patients.

However, none of these differences reached statistical

significance, with the exception of the 2677G/T fre-

quency difference between EOPD and controls (P ¼
0.04), possibly because of the small study size. The

overall result is thus negative and agrees with one

previous study showing similar levels of immunodetect-

able P-gp and multidrug resistance protein (MRP) in

lymphocytes of Parkinson’s disease patients and controls

[15].

It should be noted that the variant human MDR1 alleles

so far known are associated with rather modest expres-

sion and functional differences even between homo-

zygous genotypes. This situation is different from that

of other enzyme polymorphisms, such as CYPs 2D6

and 2C19. Consequently, the MDR1 polymorphisms

currently available for genetic diagnostics are unlikely

to predict the true variability of this transporter in the

blood–brain barrier. Based on the results of several

studies showing about 2-fold lower expression for

3435TT as compared to CC in different tissues [24,26–

29], a similar difference may be assumed for P-gp

expression in brain capillaries. On the other hand, it

could also be possible or it may even be likely that

idiopathic Parkinson’s disease is a heterogeneous condi-

tion, to which a number of different environmental

neurotoxins contribute, which may be substrates for

different transporters. It has been reported, for exam-

ple, that MPPþ is a poor substrate for P-gp [31], i.e.

another transporter may be involved in its elimination

from brain, e.g. of the MRP family, the organic anion-

transporting polypeptide family, or the organic cation

transporter family (for review see [14]). Further re-

search on transporters and identification of potentially

neurotoxic substrates may thus cast new light on

mechanisms and genetic factors influencing susceptibil-

ity to Parkinson’s disease.

Our study also provided new data on the frequency of

MDR1 polymorphisms and the linkage between them.

The frequency of the 3435C.T polymorphism is

known to be quite different among the different ethnic

populations [32,33]. Our frequency data in a northern

Italian population are similar to that of other European

populations [25,32–34]. Our data also support differ-

ences in the frequency of the exon 21 polymorphism at

2677, the A allele of which is rare in our Italian and in

other European populations (about 3%), but was much

more frequent among Japanese (about 18%; [26]). Kim

et al. [25] and Tanabe et al. [26] reported partial linkage

between the exon 26 and exon 21 polymorphisms. Our

data clearly show that the 2677G and A alleles are

linked to the 3435C allele, whereas the 2677T allele is

linked to 3435T in this Northern Italian population

(Table 4). The extent of linkage appeared to be some-

what less tight as reported for Japanese (�94%) where

also linkage between 2677A and 3435T was observed,

contrary to our observations [26].

The �129T.C polymorphism in exon 1b, which had

also been suggested to be associated with the decreased

P-gp expression level in the placenta, was discovered in

Japanese populations [26]. According to our study, the

�129C allele was about 2- to 3-fold less frequent in

Italians (�3%) than in Japanese (6–8%). The linkage

between the �129C allele and 2677A or T observed in

Japanese was not present in our Italian population,

where �129C allele appeared to be linked to 2677G.

However, because of the relative rarity of the �129

polymorphism in Caucasians, these observations need

to be confirmed. A systematic extended haplotype

analysis in different populations could shed light on the

mechanisms and controversial data regarding MDR1
genotype–phenotype relationships.
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